'Smart' plants that release volatile defence compounds in response to pest damage, and which recruit beneficial natural enemies, offer an opportunity for exploiting biological control in future crop protection strategies. Using six maize genotypes, Zapalote Chico ('landrace'), Mirt2A, Sintético Spodoptera (SS), L3, and two commercial hybrids BRS 4103 and BRS 1040, the aim of this work was to evaluate maize responses to larval damage from the fall armyworm Spodoptera frugiperda, a major maize pest in Brazil, and the ability of the egg parasitoid Telenomus remus to respond to HIPVs induced by S. frugiperda damage. Y-tube olfactometer bioassays with T. remus showed preferential responses to the S. frugiperda-induced volatiles of SS and BRS 4103 compared to constitutive volatiles of the same genotypes, but to none of the other genotypes tested. Chemical analysis of maize volatile extracts showed that SS produced more volatile compounds in response to S. frugiperda damage, followed by BRS 4103. In addition, higher levels of mono, homo-, or sesquiterpenes, together with green leaf volatiles (GLVs) were the most attractive blend for T. remus; however, there was no attraction when only GLVs were produced in higher levels. In summary, these results show that volatile defence signalling produced by maize plants due to S. frugiperda damage varies significantly depending on maize genotype and this variability influences T. remus foraging behaviour.
Introduction
Maize, Zea mays L. (Poaceae), is one of the most important cultivated plants worldwide (Ranum et al. 2014; Galvão et al. 2014) . During 2016/2017, the maize-planted area in Brazil occupied approximately 17 million hectares, and 97 million tonnes of corn was produced, of which 28 million tonnes was exported (CONAB 2017) . Maize is attacked by a complex of pests, with the fall armyworm, Spodoptera frugiperda J.E. Smith, 1797 (Lepidoptera: Noctuidae), being considered as the primary pest in Brazil (Cruz et al. 2012) . S. frugiperda attacks at all stages of maize development, but prefers seedlings, causing severe damage with losses reaching up to 100% (Cruz 1995; Cruz et al. 2012) . S. frugiperda is a polyphagous herbivore that is widespread in the Americas and which is now spreading across Africa, due to favourable climatic conditions and plenty of available food (Cruz 1995; Cruz et al. 2010; Midega et al. 2018) . Despite the intensive use of insecticides to manage this pest, populations in maize crops have increased (Toscano et al. 2012) , resulting in the use of additional pesticide applications and the development of insecticide resistance. Although Bt maize has contributed to a significant reduction of pest populations after its adoption over a span of 9 years in Brazil (Farias et al. 2014 ), this technology is still not accessible to smallholder and family farms due to its high cost. In addition, several studies have reported that Bt maize no longer controls fall armyworm populations in several regions of the country (Farias et al. 2014; Bernardi et al. 2015) . In view of these growing threats to maize production, new interventions for S. frugiperda management in Brazil are urgently required.
Recently, it was proposed that sustainable intensification of agricultural systems requires the delivery of new crop protection tools via seed, i.e. GM, and the enhancement of ecosystem services, i.e. beneficial natural enemies from land set aside as natural habitats (Pickett and Khan 2016) . New crop protection interventions might be based on chemical ecology, specifically through plant defence signalling, which can deliver crop protection using 'smart' plants, sentinel technology, and recruitment of ecosystem services (Pickett and Khan 2016) . These technologies, in general, have low costs and are accessible for smallholder and industrial farming. The pioneering work on push-pull systems by the International Centre of Insect Physiology and Ecology (icipe), for cereal production in sub-Saharan Africa, has shown that plant defence signalling from companion plants can be exploited to recruit natural enemies for conservation biological control of stemborer moth pests (Crambidae) Pickett et al. 2014; Pickett and Khan 2016) . Furthermore, some local farmers' maize genotypes have been identified to possess a rapid plant response to stemborer oviposition, compared to commercial hybrid varieties, resulting in enhanced recruitment of egg and larval parasitoids (Tamiru et al. 2011) . Variability in the production of herbivore-induced signalling by maize genotypes can potentially interfere with plant resistance against herbivores and natural enemy recruitment (Gouinguené et al. 2001; Degen et al. 2004) . The selection of genotypes that are capable of recruiting natural enemies requires an understanding of the chemical ecology of plant/herbivore/natural enemy interactions. To use a 'smart' plant, for example, that attracts natural enemies of the attacking herbivores, it is necessary to select a genotype appropriate for this, because not all genotypes will work efficiently for the attraction of predators and parasitoids (Gouinguené et al. 2001; Degen et al. 2004) .
The egg parasitoid, Telenomus remus Nixon, 1937 (Hymenoptera: Platygastridae), is a beneficial natural enemy of Spodoptera spp. It is native to Asia (Wojcik et al. 1976) and was brought into Brazil in 1986 . Previous field and laboratory experiments reported a high potential of parasitism against several Spodoptera spp., with a preferred host being S. frugiperda (Figueiredo et al. 1999 (Figueiredo et al. , 2002 Cave 2000; van Lenteren and Bueno 2003; Bueno et al. 2010; Pomari et al. 2013) . T. remus uses different cues to locate its host, including Spodoptera spp. sex pheromone components (Nordlund et al. 1983; Gazit et al. 1996) and herbivore-induced plant volatiles (HIPVs) after association with S. frugiperda eggs (Peñaflor et al. 2011a ). HIPVs might be beneficial to egg parasitoids, especially when eggs and larvae co-occur, because HIPVs are released in higher amounts compared to oviposition-induced plant volatiles (OIPVs) or volatiles directly from eggs (Hilker and McNeil 2008; Peñaflor et al. 2011b; Michereff et al. 2016) . A previous study reported that S. frugiperda egg deposition on maize plants suppresses the emission of constitutive volatiles and HIPVs. The authors suggested that this effect could be a defence strategy to benefit the herbivore, since by decreasing plant volatile emissions, the egg parasitoid could not find its host (Peñaflor et al. 2011b ). On the other hand, Bruce et al. (2010) proposed that the suppression of volatile emission by eggs laid on plants also might be important information for natural enemies to follow. Overlapping generations are observed in S. frugiperda (Figueiredo et al. 2006) ; therefore, parasitoids that parasitize eggs from S. frugiperda can follow HIPVs as a reliable cue to find egg hosts.
It is known that T. remus populations do not survive after a maximum of one generation in field conditions in Brazil. However, different studies have shown the potential of this parasitoid for S. frugiperda control through massrearing and inundative release (Joshi et al. 1982; Cave 2000; Pomari et al. 2013) . Therefore, semiochemicals such as HIPVs, OIPVs, and insect pheromones could be used to attract and retain T. remus populations, enhancing its efficiency in crop areas (Cave 2000; Bueno et al. 2010; Pomari et al. 2013 ). Lewis and Nordlund (1984) suggested the use of parasitoids in inundative programmes to control S. frugiperda and the application of pheromones and kairomones to increase the attraction and retention of natural enemies. Moreover, evaluating the chemical profile of volatiles produced by different maize genotypes, and the influence of these blends on the attraction of T. remus, is essential information for pest control, in particular for biological control. Considering this information, the aims of this study were to evaluate (1) variation in the response of six different genotypes of maize to S. frugiperda herbivory damage, (2) whether T. remus could distinguish this variation, and (3) whether T. remus also respond by associative conditioning to HIPVs emitted by these genotypes.
Materials and methods

Insects
S. frugiperda and T. remus were maintained in separated environmental rooms at 25 ± 2 °C, 65 ± 10% relative humidity, and a 14L/10D photoperiod at Embrapa Genetic Resources and Biotechnology in Brasília, DF, Brazil (15°46′46″S and 47°55′46W). S. frugiperda was obtained from a laboratory colony maintained in plastic containers with an artificial diet based on beans, Phaseolus vulgaris L. (Fabaceae) (Schmidt et al. 2001) . Each plant received five second instar larvae, and prior to the experiments, larvae were starved for 24 h. The egg parasitoid T. remus was obtained from a laboratory colony raised on S. frugiperda eggs. At emergence, the adults were maintained in acrylic cages (75 cm 2 angled neck tissue culture flasks; ICN Biomedicals, Irvine, CA, USA) and fed with a drop of honey. As showed by a previous study, experienced females responded better to HIPVs than naïve females (Peñaflor et al. 2011a ); therefore, two-day-old females with oviposition experience were used in the experiments. For oviposition experience and associative conditioning with HIPVs and eggs, females were kept in acrylic cages after hatching for 24 h for mating; then, ten mated females were released in a cylindrical glass chamber with 100 host eggs glued on paper cards and placed on leaves of plants infested with S. frugiperda larvae (releasing HIPVs) for 1 h. To obtain plants releasing HIPVs, 15-day-old maize received five second instar larvae for 24 h. Only female T. remus that were parasitizing the eggs were used in the following day in olfactometer bioassays (Peñaflor et al. 2011a ). This procedure was done for each maize genotype.
Plants
Maize seeds were obtained from the germplasm bank of Embrapa Maize and Sorghum in Sete Lagoas, MG, Brazil (19°27′57″S and 44°14′48″W) , and were germinated on damp paper. After 4 days, they were transplanted to pots with a mixture of soil and organic substrate (in a proportion of 1:1 w/w) and kept in a greenhouse (14L/10D photoperiod). The plants used in the experiments had three fully expanded leaves. Two groups of genotypes were assessed with differing levels of resistance to S. frugiperda: more resistant (the landrace Zapalote Chico (ZC), Mirt2A, and Sintético Spodoptera (SS)), less resistant (L3), and also commercial genotypes (BRS 4103 and BRS 1040) . The mechanisms of resistance for Zapalote Chico and Mirt2A are antibiosis and/ or antixenosis and antixenosis for Sintético Spodoptera (Silveira et al. 1997; Viana and Potenza 2000; Costa et al. 2006 ).
Y-tube olfactometer bioassays with Telenomus remus
To evaluate whether volatiles emitted from undamaged and S. frugiperda-damaged plants affected T. remus searching behaviour, Y-tube olfactometer bioassays were conducted. The olfactometer consisted of square acrylic blocks (19 × 19 cm) with a 1 cm Y-shaped cavity sandwiched between two glass plates (Moraes et al. 2008) . The leg of the cavity was 8 cm long, and each arm was 7 cm long. Charcoal-filtered and humidified air was pushed through the system at a rate of 0.6 l min −1 and pulled out at 0.2 l min −1 . A single T. remus female was introduced at the base of the Y-tube and observed for 600 s. The first choice (defined as the arm of the olfactometer that the wasp entered at first and remained in for at least 30 s) and the residence time (the total time that the parasitoid remained in each arm) were assessed during the bioassays. After every five repetitions, the plants were replaced, and the positions of the arms of the olfactometer were changed to avoid bias in the parasitoid responses. Each female was used only once, and 40 repetitions were conducted for the following treatment combination: (1) volatiles from S. frugiperda-damaged maize plants vs. volatiles from undamaged maize plants; (2) volatiles from S. frugiperda-damaged maize plants vs. air, and (3) volatiles from undamaged maize plants versus air. To avoid possible chemical signalling between plants, S. frugiperdadamaged and undamaged plants were kept in different rooms under the same temperature, humidity, and lighting conditions (26 ± 1 °C, 65 ± 10% r.h., and 14L/10D photoperiod). The plants were infested with S. frugiperda larvae during the morning or afternoon, and these plants were used with 23 h after S. frugiperda treatment. The larvae remained on the plants during all experiment. All bioassays were conducted from 10:00 h to 18:00 h.
Volatile collection
Undamaged and S. frugiperda-damaged plants were placed individually in cylindrical glass chambers (internal volume 10 l). Volatiles were collected from the same individual plant at 0-3 h, 3-6 h, 6-12 h, and 12-24 h after infestations were initiated (N = 6 replicates for each time and genotype). Larvae remained on the plants during all experiments. To minimize contamination by volatiles from the soil, the pots were wrapped with aluminium foil. A glass tube containing the adsorbent Porapak Q (100 mg, 80-100 mesh, SigmaAldrich) was connected via a PTFE tubing to a vacuum pump at 0.6 l min −1 , while activated charcoal-filtered air at 1.0 l min −1 entered the chamber, creating a positive push-pull system (Moraes et al. 2008) . The trapped volatiles were eluted from the adsorbent using 500 µl of n-hexane and concentrated to 50 µl under a N 2 flow. Samples were stored at − 20 °C until analysis by gas chromatography (GC) and GC-coupled mass spectrometry (GC-MS).
Chemical analysis
Collected volatiles were analysed by gas chromatography (Agilent 7890A) using a 30 m × 0.25 mm ID and 0.25 µm film thickness column (DB-5MS, J&W Scientific, Folsom, CA, USA). The oven temperature was programmed as follows: 50 °C for 2 min, increase at 5 °C min −1 to 180 °C, then 10 °C min −1 to 250 °C, and held for 20 min. The carrier gas was helium. The column effluent was analysed with a flame ionization detector (FID) at 270 °C. One microlitre of 16-hexadecanolide was added as an internal standard (IS) with a final concentration of 9.8 µg ml −1 . One microlitre of each sample was injected using splitless mode. The amounts of volatile chemicals released by maize at 0-3 h, 3-6 h, 6-12 h, and 12-24 h were calculated in relation to the area of the internal standard. Data were collected with EZChrom Elite software (Agilent, California, USA) and were handled using Excel (Microsoft Corporation, 2007) . Selected volatile samples were analysed using an Agilent 5975-MSD instrument equipped with a quadrupole analyser, a nonpolar DB-5MS column (30 m × 0.25 mm ID and 0.25 µm film thickness; J&W Scientific, Folsom, CA, USA), and a splitless injector with helium as the carrier gas. Ionization was by electron impact (70 eV and source temperature at 230 °C). The oven temperature was maintained at 50 °C for 2 min and programmed to increase at 5 °C min −1 to 180 °C, then 10 °C min −1 to 250 °C, and held for 20 min. The absolute configuration of linalool released by different maize genotypes was determined by enantioselective gas chromatography using a chiral GC column (30 mm × 0.25 mm, ID, 0.25-μm, β-DEX 325 matrix nonbonded with 25% 2,3-di-O-acetyl-6-O-TBDMS-β-cyclodextrin in SPB-20 poly (20% phenyl/80% dimethylsiloxane phase), Supelco, USA). The oven temperature was programmed as follows: 50 °C for 2 min, increase at 2 °C min −1 to 210 °C, and then held for 10 min. Injections were made in splitless mode with helium as the carrier gas (1.5 ml min −1 ), injector temperature at 250 °C, and detector temperature at 270 °C. Data were collected and analysed with GC-MS ChemStation 2.1 software (Agilent, California, USA). The compounds were tentatively identified by comparing the fragmentation pattern from the mass spectra with library databases (NIST, 2008) or published spectra and with retention indices calculated using a DB-5MS. Tentative compound identification was confirmed by GC peak enhancement using authentic standards obtained either from commercial suppliers or by chemical synthesis.
Chemicals
n-Hexane (95%, suitable for pesticide residue analysis), Porapak Q, 6-methyl-5-hepten-2-one (98%), indole (99%), α-camphene (95%), (E)-caryophyllene (98%), benzothiazole (96%), myrcene (95%), geranylacetone (97%), ocimene (mixture of isomers, > 90%), α-humulene (96%), and geranyl acetate (97%) were purchased from Sigma-Aldrich (Steinheim, Germany). (E)-2-Hexenal (95%) and (Z)-3-hexen-1-ol (98%) were purchased from Sigma-Aldrich (Gillingham, UK). (E)-β-Farnesene (98%) was provided by Shin-Etsu (Japan). (Z)-3-Hexenyl acetate (98%) was purchased from Alfa Aesar (Heysham, UK). (E)-2-Hexenyl acetate (97%) and linalool were purchased from TCI America (Portland, USA). (E)-4,8-Dimethyl-1,3,7-nonatriene (DMNT) (95%) and (E,E)-4,8,12-trimethyl-1-,3,7,11-tridecatetraene (TMTT) (97%) were synthesized from geraniol and (E,E)-farnesol, respectively (Leopold 1990 ).
Statistical analysis
Data from bioassays were analysed to evaluate the influence of the individuals using generalized linear model (GLM) for repeated measures with binomial distribution (S1). Then, the first-choice response of the egg parasitoid was analysed using logistic regressions to estimate the probability of each choice (Magalhães et al. 2016; Michereff et al. 2016) . The model fitted the side (left or right) on which the test odour was presented. The hypothesis of no preference (i.e. the proportion of choosing each odour = 0.5) was tested by the Chi-square Wald test. The data for the residence time were analysed by the paired t test for dependent samples. If wasps did not move after 3 min, they were considered as nonresponding and were not included in the statistical analysis.
To evaluate the effect of the individual on the total amount of volatiles (S2) and class of compounds in each treatment (S3), the data were submitted to a repeated measurement with linear mixed model (LMM) fitted by maximum likelihood. If the individual did not show a significant effect, the classical statistical GLM was applied using Gamma distribution and inverse link function. If GLM showed significant difference, the data were submitted to contrast analysis, and for LMM were applied a simultaneous test for general linear hypotheses with multiple comparisons of means: Dunnett contrasts. The change in the chemical profile of undamaged and S. frugiperda-damaged maize plants over time was assessed using principal response curves (PRC) analysis (Michereff et al. 2011 ). This multivariate technique allows the assessment of repeated measurements over time, focusing on the proportion of variance explained by the treatments and the time compared to the control (undamaged plants). In each set of analyses, the significance was determined by a Monte Carlo permutation test. All analyses were performed using the statistical programme R 3.3.2 (R Development Core Team 2009).
Results
Telenomus remus foraging behaviour to maize volatiles
In first-choice tests, female egg parasitoids T. remus responded preferentially to the volatiles from S. frugiperda-damaged maize SS, when compared to volatiles from undamaged SS (Fig. 1a, Table 1 ). T. remus showed no discrimination for any of the other tested genotypes (Fig. 1a, Table 1 ). For residence time, a similar response was obtained, female T. remus spent more time in the arm of the olfactometer containing the volatiles from S. frugiperda-damaged SS and BRS 4103 compared to the volatiles from the undamaged plants, while none of the other aged treatments: 24 h. Asterisks in a, c, e indicate significant differences between treatments using the Wald test with χ 2 distribution at 0.05% significance level and in b, d, f indicate significant differences between treatments using the paired t test at 0.05% significance level. Numbers in parentheses indicate the wasps that did not respond to any treatments genotypes elicited any differential behaviour (Fig. 1b,  Table 1 ). When S. frugiperda-damaged maize volatiles were tested against control air, T. remus responded preferentially and spent more time in the olfactometer arms with damaged plant volatiles emitted by SS and BRS 4103, but showed no preference for the other genotypes (Fig. 1c, d , Table 1 ). When the volatiles emitted from each undamaged genotype were compared to air, the egg parasitoid did not respond significantly to any treatment (Fig. 1e, Table 1 ) and similar results were obtained when the residence time was analysed (Fig. 1f, Table 1 ).
Volatile analysis
Chemical analysis of volatile samples collected from the six maize genotypes by air entrainment revealed that they produced similar blends of 21 major compounds (listed in Table 2 ), but with some notable differences. Volatiles obtained from ZC did not show the presence of (E)-ocimene, methyl benzoate, cyclosativene, δ-cadinene, and α-bergamotene (Table 2) . (E)-4,8-Dimethyl-1,3,7-nonatriene (DMNT) was induced in five genotypes, except for Mirt2A (Table 2 ). Linalool was produced by undamaged and herbivore-damaged plants in all genotypes and was determined to be a racemic (equal) mixture of (R) and (S)-isomers (S4 Fig) . In addition to major compounds, other minor components were identified, including limonene, (Z)-ocimene, (E)-nerolidol, and unidentified sesquiterpenes. These compounds were not quantified due to the very low amount produced. Cyclosativene, α-bergamotene, and δ-cadinene were tentatively identified by comparison with mass spectra and retention indices, since no authentic standards were available.
Considering the 21 major compounds, the linear mixed model (LMM) did not show an influence of individual compounds to any of the genotypes, except for BRS1040 (S2). Therefore, GLM analysis was used to analyse the difference in total amount of volatiles between treatments throughout the sampling times for SS (t = 2.362, P = 0.040) and ZC (t = 8.852, P < 0.01) (Fig. 2) . No difference was observed for the interaction of treatment and time for L3 (t = 1.668, P = 0.148), Mirt2A (t = 0.787, P = 0.603), and BRS 4103 (t = 1.109, P = 0.381). However, there was difference between undamaged and S. frugiperda-damaged plants for Mirt2A (t = − 3.011, P = 0.016) at 12-24 h and for BRS 4103 at 6-12 h (t = − 2.360, P = 0.045) (Fig. 2) . For BRS 1040, Spodoptera frugiperda herbivory damage, undamaged maize plants, and air control) *P < 0.05; **P < 0.01; ***P < 0.001
T. remus response
First choice
Residence time Table 2 Mean ± standard error of total amount (μg/h) of volatiles from undamaged (UD) and herbivore-damaged (HD) maize genotypes summed for the four sampling times (0-3, 3-6, 6-12, and 12-24 h) LMM showed that the total amount of volatiles differed between treatments (t = 2.545, P = 0.016), but there was no difference for the interaction of treatment and time (S2). Considering the genotypes SS, ZC, Mirt2A, and BRS4103, most HIPVs emissions occurred between 3-6, 6-12, and 12-24 h (Fig. 2) . No significant variation in constitutive volatiles production was observed (Fig. 2) . Principal response curves (PRC) analysis evaluated whether the volatiles emitted along the time by herbivoredamaged plants were different from that of undamaged plants (Fig. 3) . The main class of compounds responsible for differences between the treatments was identified using the weight value (left Y-axis, Fig. 3 ), in which values higher than |0.5| represent an actual contribution of the compound to the accomplishment of the PRC. The emission of monoterpenes, homoterpenes, indole, and sesquiterpenes was different between undamaged and S. frugiperdadamaged plants for SS, BRS4103, and Mirt2A (Fig. 3, S3 and S5 Fig, Table 3 ). The green leaf volatiles (GLVs) were different between S. frugiperda-damaged and undamaged plants for all genotypes (Fig. 3, S3 and S5 Fig, Table 3 ). The first canonical axis of the PRC explained a significant part of the variance, described by the treatments higher than 96% for SS, ZC, L3, BRS1040, and higher than 58% for BRS 4103 (S6 Table) . PRC analysis comparing the volatiles emitted by S. frugiperda-damaged and undamaged plants for SS revealed a significant difference between both treatments. PRC analysis showed that 3% of the total variance was explained by time and 23% by treatment. A significant part of variance, 94%, was captured by the first axis of the PRC, indicating that these curves are representative of the data (S6 Table) . The PRC plot for SS also showed that the major difference occurred at 3-6 h (P = 0.039) and 6-12 h (P = 0.018) (Fig. 3) .
Volatiles from S. frugiperda-damaged maize plant compared with volatiles from undamaged plants of the same genotype
The highest compound weighting for SS was calculated for monoterpenes (MONO) (1.68) and homoterpenes (HOMO) (1.19). These two classes of compounds showed stronger increases, over time in SS, when the plants were subjected to S. frugiperda damage (Fig. 3) . Analogous to SS, the PRC results for the other genotypes had their highest variance percentage explained by treatment, followed by time, and a significant part of the variability was captured by the PRC first canonical axis (S6 Table) . At 6-12 h, for BRS1040, treatments were statistically different (P = 0.011), and the highest weight was for GLVs (0.742). For BRS4103, two compound classes presented the highest weights: monoterpenes (MONO) (0.937) and sesquiterpenes (SES-QUI) (0.937); however, a significant difference between the sampling times was recorded only at 6-12 h (P = 0.040) and 12-24 h (P = 0.017) (Fig. 3) . For ZC, Mirt2A, and L3, Fig. 2 Total amount of volatiles (µg/h) from undamaged (UD) and herbivore-induced (HD) plants of different maize genotypes. SS Sintético Spodoptera. ZC Zapalote Chico. Asterisks indicate significant differences (MANOVA for repeated measures, P < 0.05) between treatments the sampling times were statistically different, and the compounds presented higher weight values, but a different class of compounds was induced. For the ZC and L3, the GLVs had the highest compound weight (1.678 and 1.824, respectively), while for Mirt2A, the highest were the GLVs (1.239) and the sesquiterpenes (SESQUI) (1.303) (Fig. 3 ). All these weights were at the same side of the PRC curve, indicating that these compounds are related to higher production of volatiles in herbivore-damaged plants.
Discussion
Plant volatiles are an important cue for host-searching insect parasitoids. In this study, the egg parasitoid T. remus changed its searching behaviour when stimulated with HIPVs emitted by S. frugiperda-damaged maize genotypes after associative conditioning. Oviposition damage can change the volatiles emitted by plants, releasing OIPVs and attracting egg parasitoids (Chiappini et al. 2012; Hilker and Fatouros 2015) , but for some tritrophic systems, egg parasitoids are attracted only to HIPVs combined with OIPVs (Colazza et al. 2004; Michereff et al. 2011) or exclusively to HIPVs (Moraes et al. 2008) . Recently, it was reported that the egg parasitoid T. podisi Ashmead, 1893 (Hymenoptera: Platygastridae), was attracted to volatiles from fresh eggs of its preferred host, Euschistus heros Fabricius, 1798 (Heteroptera: Pentatomidae), but was not attracted to egg masses laid on soybean plants (Michereff et al. 2016) . The authors hypothesized that the volatiles from soybean might have masked the volatiles from the eggs. Eggs are small and release very tiny amounts of volatiles and therefore are probably detectable only at short range (Vet and Dicke 1992; Wajnberg 2006; Wäschke et al. 2013) . The ability to learn host cues might be a strategy to cope with high environmental variability for both specialist and generalist parasitoids (Steidle and van Loon 2003) . T. remus, a specialist parasitoid, after associative conditioning, can use the volatiles that plants emit in response to herbivory in order to locate the host plant of their own hosts, and this behaviour could help to improve maize fitness by reducing the density of herbivores on the plant (Peñaflor et al. 2011a) .
From the six genotypes evaluated, T. remus was able to recognize the HIPVs of SS and BRS4103, after associative conditioning. PRC analysis showed that these two genotypes had a relatively higher production of monoterpenes, homoterpenes, and sesquiterpenes, which are major and ubiquitous parasitoid foraging cues compared to other classes of compounds (Büchel et al. 2011; Michereff et al. 2011; Tamiru et al. 2011 ). Higher production of HIPVs from different varieties and landraces of maize was observed when treated with regurgitate of S. littoralis Boisduval, 1833 (Lepidoptera: Noctuidae), 10-13 h after the beginning of treatment (Gouinguené et al. 2001) . A similar time to detect HIPVs was found in our study, confirming that maize plants take time to produce HIPVs following damage by Spodoptera spp. The chemical composition of the blends emitted by the six genotypes studied here, and other maize varieties and teosintes, Zea spp. studied elsewhere (Gouinguené et al. 2001) , was broadly similar, but some significant differences were observed. Qualitative differences were noticed; for example, phenylethyl acetate, β-bisabolene, (E,E)-α-farnesene, and hexyl acetate were not detected in the genotypes studied here, and there were some compounds identified in this study that were not cited previously in the other maize varieties and teosintes. The differences in the chemical profile can be related to differences due to the genetic characteristics of each genotype, but also can be due to the specific response of maize plants to the herbivores used. Further studies need to be conducted to clarify this and to evaluate the response of natural enemies to HIPVs from different maize genotypes damaged by different herbivores. Work is ongoing in our laboratory to elucidate the influence of specific volatiles on T. remus and S. frugiperda behaviour.
The difference in quantities of the compounds emitted by each genotype can explain the response of the egg parasitoid to SS and BRS4103, indicating that higher production of monoterpenes, homoterpenes, and sesquiterpenes and the lower increase of herbivore-induced GLVs relative to the terpenes might be important for egg parasitoid attraction. On the other hand, ZC genotype produced a blend of HIPVs composed of lower levels of monoterpenes, sesquiterpenes, and homoterpenes and higher levels of GLVs, which might have influenced the nonresponse of T. remus to the induced volatiles of this genotype. Wäschke et al. (2013) suggested that for certain compounds of a mixture, learning can be blocked by other components, which might have occurred in this work. HIPVs released by plants are complex blends, with the ratio between the components being the critical source of information for natural enemies to locate the plant with their host (D'Alessandro and Turlings 2005; D'Alessandro et al. 2006; Bruce et al. 2010; Bruce and Pickett 2011; Michereff et al. 2013; McCormick et al. 2014) . We hypothesize that the terpenoids are the primary factor influencing the response of the egg parasitoid T. remus. GLVs are important compounds in plant-plant and plant-insect communication (Allmann and Baldwin 2010; Simpson et al. 2011; Vieira et al. 2014; von Mérey et al. 2011) . Although GLVs were less induced in all genotypes than the monoterpenoids, these chemicals were produced in higher amounts in herbivore-damaged plants compared to undamaged plants, and they were released with a similar pattern across time. This is in contrast to indole, which displayed a different release pattern between genotypes across time. This compound does not appear to be involved in the foraging behaviour of parasitic wasps (D' Alessandro and Turlings 2005; D'Alessandro et al. 2006; Turlings and Erb 2018 ), but appears to play a key role in plant-plant communication (Erb et al. 2015) .
Differences in parasitoid attraction to different maize genotypes have also been observed for larval parasitoids. The GLV (E)-2-hexenal was negatively correlated with Campoletis sonorensis (Cameron, 1886) (Hymenoptera: Ichneumonidae) parasitism, whereas methyl salicylate was positively correlated with Cotesia marginiventris (Cresson, 1865) (Hymenoptera: Braconidae) parasitism (Degen et al. 2012; de Lange et al. 2016) . Therefore, the quality and the quantity of the volatiles emitted by plants can be used as information by egg parasitoids as a means by which to locate their hosts (Heil 2004; Hilker and Meiners 2006; Schröder and Hilker 2008; Michereff et al. 2013) . It would be unadvisable to discard the influence of the minor components from maize volatile blend in T. remus attraction. Very often, relevant compounds to natural enemy attraction include minor components of the volatile profile, which might be the case here (Turlings et al. 1998; Mumm et al. 2003; Mumm and Hilker 2005; Michereff et al. 2016) .
Spodoptera frugiperda-resistant maize genotypes are not related to higher attraction to T. remus, since the response of the egg parasitoid to ZC, Mirt2A, and L3 was different from that of SS and BRS4103. A different result was observed in a tritrophic system involving soybean, the stink bug E. heros, and T. podisi, where the latter was attracted to a resistant genotype, but not to a susceptible genotype. This was related to the production of higher amounts of volatiles by the resistant soybean genotype (Michereff et al. 2011 ). The same pattern was not observed for maize genotypes evaluated here, and there was no clear correlation between resistance in maize genotypes to S. frugiperda and volatile production, i.e. indirect defence. The resistance of genotypes, in general, is not related to the attraction of natural enemies or with the production of volatiles involved in indirect defence. The resistance of these plants is more related to antibiosis and nonpreference.
A genotype that is resistant to herbivores and at the same time attracts natural enemies would be the best choice to be used in the field, since it could then reduce the amount of insecticides needed in maize fields. However, there is little information regarding these characteristics for most of the genotypes currently in use. The results in our study highlight the need for including chemical ecology research in the selection of genotypes, so that the resulting selections possess S. frugiperda-resistant traits but also can recruit its natural enemies, for biological control using mass-rearing and inundative programmes. When used in combination with other control methods, e.g. cultural practices and crop rotation, the use (and costs) of insecticides could be reduced, and the ecological sustainability of agricultural systems would be enhanced. Furthermore, the results in our study provide the basis for testing the hypothesis that early onset of pest status in crop plants is accompanied by upregulation of genes responsible for the production and emission of volatile plant defence signals, which are released even before normal and recognizable symptomology. These results also provide the platform for utilizing molecular genetic approaches, in particular next-generation sequencing (NGS), for the identification of genetic targets that could be delivered in maize, through seed, via breeding and GM technologies, for improved biological control of S. frugiperda, along with other desirable traits. 
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